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ABSTRACT

We report results of simulations of explosion- and earthquake-generated wave propagation in three-dimensional
(3D) earth models. Computer codes at LLNL model the non-linear (hydrodynamic) and linear (anelastic) response
of the earth to arbitrary forcing with material properties varying in 3D. In order to simulate the ranges and
frequencies of interest to nuclear explosion monitoring we run simulations on massively parallel computers at
LLNL, often on hundreds or thousands of CPU’s. Simulations broadly cover three thrust areas: 1) non-linear shock-
wave (hydrodynamic) modeling of explosions; 2) near-field elastic modeling of explosions including free-surface
topography; and 3) regional-scale modeling of earthquakes and explosions. Hydrodynamic simulations are
performed with GEODYN, an Eulerian finite volume code for modeling shock-waves in earth materials. Local and
near-regional scale elastic simulations are performed with WPP, a Cartesian finite difference code for seismic wave
modeling. Regional simulations are performed with SPECFEM_ 3D GLOBE, a code based upon the spectral
element method in spherical geometry. These capabilities are joined for modeling explosion ground motions to
local distances with a one-way coupling to pass hydrodynamic motions from GEODYN to WPP. We continue to
improve these capabilities to support nuclear explosion monitoring research, for example to study special events
and/or understand specific phenomena of seismic sources and wave propagation.

In the last year, we have made progress in each thrust. We have worked to facilitate hydrodynamic modeling and
pass motions from GEODYN to WPP. We are modeling the HUMBLE REDWOOD series of explosions in order to
validate material models and one-way coupling of GEODYN to WPP. We have done extensive calculations of the
effect of free surface topography on shallow explosions. We show that shear waves can be very effectively
generated by P-to-S scattering by surface topography and the P-coda and Rg wave spectra are shaped by the source
spectrum. Regional simulations of earthquakes near the North Korean nuclear test site show that 3D models can
predict the waveforms at near-regional distances. The 2009 nuclear test can be modeled with a pure explosion plus
a small double-couple (10% M, of the explosion) composed of strike-slip mechanism, consistent with nearby
earthquakes.



OBJECTIVES

Advances in numerical methods for modeling seismic wave excitation and propagation and ever more powerful
parallel computers are making it easier to simulate ground motions on the scale-lengths (domain sizes) and
frequencies (resolutions) of importance to nuclear explosion monitoring. The objective of this research is to develop
and improve methods for seismic simulation in fully three-dimensional (3D) earth models to improve nuclear
explosion monitoring. Specifically, research is directed along three thrusts: modeling of shock-wave propagation
with hydrodynamic methods; modeling of elastic propagation near shallow explosions and earthquake including the
effect of 3D volumetric structure and free-surface topography; and regional broadband waveform modeling. This
effort relies on numerical methods for 3D wave phenomena implemented in computer codes running on massively
parallel computers. These capabilities allow us to investigate source and propagation phenomenology of explosion
sources and understand waveform data from specific events of interest.

RESEARCH ACCOMPLISHED

In the following sections we describe research accomplished on several tasks.
Modeling the HUMBLE REDWOOD explosions

We preformed preliminary modeling of the HUMBLE REDWOOD series of explosions. These explosions were
conducted above and below the ground surface and were recorded by seismic (ground motion) and acoustic (air
blast) sensors (Foxall et al., 2010). The purpose of this experiment is to develop methods for yield estimation of
explosions that are not fully contained and require joint consideration of the amplitudes of the airblast and seismic
waves. We are working on coupled modeling of the explosive source with GEODYN (to simulate the shock-wave
in the solid earth and air above) with motions subsequently passed to WPP for seismic wave propagation as
described in Rodgers et al. (2009). The preliminary modeling shown here is for one of the contained explosions (5
m depth of burial) and was performed to evaluate how well purely elastic modeling and a preliminary seismic model
predicts the recorded response.

Figure 1a shows the experimental configuration with the explosion shot points and recording stations for weak
motions (velocity sensors). The experiments involved strong motion (accelerometer) and airblast (acoustic) sensors
as well, but we do consider those data in this study. Figure 1b shows the preliminary model for shear wavespeeds.
The orientation of the basement was determined from seismic refraction data. We maintained this geometry of
alluvium-basement interface, modified the velocities and compared the simulated ground motions with the recorded
ground motions. Modeling was done with an isotropic (explosion) buried source and purely elastic propagation.
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Figure 1 (a) Map of the HUMBLE REDWOOD experiment shot points and seismic weak motions recording
stations (triangles) overlain on surface topography. (b) Vertical cross-section of the preliminary velocity model
showing the P-wavespeeds. In both panels the star indicates the shot point.
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Figure 2 shows the comparison of the recorded (blue) and simulated (red) vertical component ground velocity time-
histories for shot HR1-G (5 m depth of burial). The recorded and simulated ground motions were filtered 0.3-1.0
Hz. The shot occurred over a change in the dip of the basement, thus the near-surface structure is quite different
between the east and west. These differences are apparent in the recorded motions which show different arrival
times (note group velocity indications) and a simpler response for the western stations, composed of a P- and S-
wave (Rg), and the eastern stations which show a very long duration surface wave. The surface wave to the eastern
stations appears to be attenuated relative to the simulated response. Attenuation was not included in the simulations,
however not surprisingly it appears to be important for propagation in the alluvium. At higher frequencies the



model fit becomes worse, suggesting that the source model as well as attenuation need to be considered. The model
could certainly be improved to predict the arrival times, dispersions and amplitudes.
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Figure 2. Comparison of observed (blue) and synthetic (red) vertical component ground velocity time-histories for
HUMBLE REDWOOD shot HR1-G plotted as record section. The data and synthetics are filtered between 0.3-1
Hz. Gray lines indicate the 3, 2, 1 & 0.5 km/s group velocities in both directions.

Topographic Scattering and Shear-Wave Generation Near Shallow Explosions

In the last year performed simulations of the 2006 and 2009 North Korean nuclear tests using reported locations and
including the effect of free surface topography on wavefield (Rodgers, 2010; Rodgers et al., 2010ab). We modeled
the near-field response for a domain covering 40 km around the source. Simulations were performed at high
resolution (up to 8 Hz) to capture the frequencies of interest for regional high-frequency discrimination and yield
estimation. Figure 3 shows the study area, surface topography and reported locations of the explosions.
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Figure 3. (left) Reported locations of 2006 (magenta) and 2009 (cyan) North Korean nuclear tests. (right)
Computational domain for elastic simulations including free surface topography (color scale).



The simulations used a homogeneous half-space model but included the actual free-surface topography from the
Shuttle Radar Topography Mission with 90-meter resolution (Farr et al., 2007). The inclusion of rough free surface
topography has a strong effect on the ground motion. Figure 4a shows an image of the vertical component velocities
for the flat and topographic cases using the LLNL location (Stephen Myers, personal communication) of the 2009
event. The flat response is very simple with an outward propagating P and Rg waves. Notice that the topographic
case shows strong azimuthal variations before the waves have traveled more than 3 km (1 s). A strong distortion in
the wavefield is caused by the steep slope to the southwest of the shot point and this results in a large amplitude Rg
at later times and farther distances (indicated by the arrow in Figure 4a). At longer times the topographic response
shows strong scattering of P-to-Rg energy. Much of the energy between P and Rg travels with the Rg velocity.

When the same source (isotropic moment tensor, depth of 600 m) is used but at four different locations the response
can be quite different. Figure 4b shows the vertical component ground velocity responses for four different
locations: LLNL (Stephen Myers, personal communication) and WL (Wen and Long, 2010) for the 2006 and 2009
events. This indicates that the response is strongly impacted by the topography. In further analysis we showed that
the amplitudes of downward propagating waves can be effected with focusing and defocusing by topographic
features causing variations of a factor of two or more and leading to an effective asymmetric radiation pattern
(Rodgers et al., 2010b).
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Figure 4. (a) Vertical component ground velocity at two time steps (1 and 2 s, note different scales) for the flat (left)
and topographic case (right) assuming the LLNL location of the 2009 event. (b) Vertical component ground
velocity at 2 s after the event for four different locations: LLNL and WL (Wen and Long, 2010) for the 2006 and
2009 events.

Variability in the wavefield seen Figure 2 is clear in the ground motion time-histories as well. Figure 5 shows the
three-component ground velocities for the vertical, radial and transverse components recorded at 10 km for two filter
bands 0.5-2 Hz and 2-8 Hz. For reference the motions for the flat case are also shown. Note that below 2 Hz the
topographic response is similar to the flat case, but above 2 Hz topographic scattering causes significant complexity
in the wavefield, particularly the P-wave coda (between P and Rg) and Rg. Also note that above 2 Hz the transverse
component response can have amplitudes equal to that on the vertical and radial component. Note that the ground
velocities plotted in full-field view in Figure 4 and as time-histories in Figure 5 show higher frequency response for
the topographic cases than the flat case, especially the Rg phase. P-to-S scattering by topography tends to capture
high frequency energy from the source and propagate it along the surface.



(a)  0.5-2Hz (b)  2:8Hz
w0 w0

MAANAIRMIY

v
dal - lwesese et a0 ansuerse
filter: 0.5-2.0 He. filter: 0.5 -2.0 Hz fiter: 0.5 — 2.0 Hz filler: 2.0 - 8.0 Hz filer 2.0 -8.0 He. 6 a0

Figure 5. Ground velocity time-histories on the surface at 10 km as a function of azimuth filtered (a) 0.5-2 Hz and
(b) 2-8 Hz for the vertical (left), radial (center) and transverse (right) components. The responses are plotted for the
flat (black) and topographic (red) cases with the same amplitude scale for all three components and both filter bands.

In order to further understand the simulated response we measured the spectral amplitudes of carefully windowed
segments of the wavefield for the flat and topographic case. Figure 6a shows such an example where the P, P-coda
(energy between the P and Rg phases) and Rg phases are indicated by the color-coded windows for the flat and
topographic cases. The Fourier spectral amplitudes are plotted in Figure 6b. Note that the P-wave spectra are nearly
identical with the topographic case slightly lower than the flat case. The P-wave coda in the topographic case is
composed of P-to-P and P-to-Rg scattered energy and has a similar spectrum as the direct P-wave with modulation
caused by path-specific scattering, while the amplitude of the P-wave coda for flat case the is very small in both the
time and frequency domains. The Rg phase in the flat case is peaked at about 1.5 Hz and falls off very quickly with
increasing frequency. However in the topographic case the Rg phase has the low frequency spectral amplitude of
the Rg in the flat case (i.e. peaked between 1-2 Hz) plus the high-frequency spectral amplitudes of the P-wave.
These spectral measurements show how the Rg waves in the topographic case have the low-frequency spectral
characteristics of the Rg phase for the flat earth and high-frequency spectral characteristics of the P-wave. P-coda
waves have the spectral characteristics of the direct P-wave. Scattering of P-to-Rg can increase amplitudes of
regional S-wave, particularly Lg, and will require further study to understand the propagation mode of this enhanced
S-wave energy from explosion sources.
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Figure 6. (a) Vertical component velocity time-series for the flat (top) and topographic (bottom) cases with the
direct P (blue), P-wave coda composed of scattered energy (cyan) and Rg (magenta). (b) The Fourier amplitude
spectra for the six colored waveform segments shown in (a) for the flat (solid lines) and topographic (dashed lines)
cases. Note that the P-coda spectrum for the topographic case is similar to the direct P-wave and the Rg spectrum
for the topographic case is composed of the Rg spectra from the flat case for low frequencies plus the P-wave
spectrum for high frequencies.
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Regional Waveform Modeling and a Double-Couple Component from the 2009 North Korean Nuclear Test

We modeled the 2006 and 2009 North Korean nuclear tests and nearby earthquakes using the 3D s29ea (Kustowski
et al., 2008) models. Calculations were made with SPECFEM3D GLOBE, the spherical geometry spectral element
method (Komatitsch and Tromp, 1999) code distributed by the Computational Infrastructure for Geodynamics (CIG,
2010). Figure 7a shows a map of the events and stations used in this analysis. Double-couple focal mechanisms for
the regional earthquakes were estimated with the Cut-and-Paste method (Zhao and Helmberger, 1994; Zhu and
Helmberger, 1996) is based on a grid search using Green’s functions from a plane-layered (one-dimensional, 1D)
model. Using the double-couple solutions for the earthquakes we computed the response at regional stations.

Figure 7b shows the fits to broadband waveform using the 3D s29ea model and our estimated source parameters for
the two earthquakes at two stations (MDJ to the north and TJN to the south). Data and synthetics were filtered 0.02-
0.07 Hz (14-50 second periods) and are plotted in absolute time and amplitude. Note that the waveforms are well fit
in this frequency band. This provides validation of the 3D seismic model and confidence that we can predict
waveforms in this frequency band.
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Figure 7 (a) Map showing the locations of the North Korean nuclear tests (stars) and nearby earthquakes (circles)
and focal mechanisms along with regional broadband stations (triangles). (b) Waveform fits for the two earthquakes
at stations MDJ and TIN. Data (blue) and synthetics (red) were filtered 0.02-0.07 Hz and are plotted in absolute
time and amplitude

When the same 3D model is used to predict the waveforms from the larger 25 May, 2009 North Korean nuclear test
and the isotropic source model reported by Ford et al. (2010) we obtain good fits to the vertical and radial
components (Figure 8a). Note however the transverse components show an apparent Love wave not predicted by
the source model or path propagation in the 3D. Analysis of the particle motion (not shown) at several regional
stations indicate that Love wave precedes the Rayleigh wave. We used the residual waveforms from the purely
isotropic source to estimate a double-couple focal mechanism. This reduced to estimating the source from the Love
waves, which is highly non-unique due to the slow variation of the Love wave radiation pattern with azimuth.
However, if the mechanism is constrained to be steeply dipping we obtain a solution that is very consistent with the
strike-slip mechanisms of the nearby earthquakes and does not degrade the fit to the Rayleigh waves on the vertical
and radial components (Figure 8b). The source of the Love waves from the 2009 explosion is likely to be coincident
in time and space with explosion (isotropic) source and could be due to tectonic release or damage in the source
zone (e.g. Ben-Zion and Ampuero, 2009).
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Figure 8 Waveform fits for the 2010/05/25 explosion at stations MDJ and TJN for (a) pure isotropic source and (b)

isotropic and 10% double-couple source with the focal mechanism shown. Data (blue) and synthetics (red) were
filtered 0.02-0.07 Hz and are plotted in absolute time and amplitude.

CONCLUSIONS AND RECOMMENDATIONS

We continue to make progress on numerical modeling of seismic ground motions to improve nuclear explosion
monitoring. Advances in mathematical methods to represent the physics of shock and seismic wave excitation and
propagation enhance our efforts. Over the last year we have performed studies on small explosions to model the
near-field response (HUMBLE REDWOOD), shallow explosions in the presence of rough surface topography to
understand how topography impacts the response (North Korean nuclear test site) and regional-scale (400-1000 km)
long-period (14-50 s) modeling of earthquakes and nuclear explosions in North Korea to improve source estimates.
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